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the mean price in '50. The mean price in '57 was nearly 100 
per cent, above the mean price of '50. On Lady Day '57 the 
price was 60s. 5}4d. On Lady Day '59 it was 37s. 4d. On 
Lady Day '61 it was 26s. 8d. The '61 mean price was exactly 
half the '57 mean price. 

Eighteenth-century England was too well organized eco- 
nomically to be in much risk of actual famine, but for Ireland 
and large parts of the Continent famine was a normal risk. 
War and its effects had only accentuated, not created, that risk. 
Imports might reduce it, but could not avert it, because Western 
Europe tends to have approximately the same harvest condi- 
tions throughout, and it was impossible to draw really large 
supplementary supplies from anywhere else. So unimportant 
were overseas supplies that the Continent suffered very much 
more from the harvest failure of '16, in time of peace, than 
from the eight years' English blockade in time of war. If 
overseas supplies could be got they were hard to distribute, 
owing to defective transport facilities. Thanks to the work of 
the nineteenth century, the most terrific of all wars was required 
to bring Western Europe face to face with what had been both 
a war-time and a peace-time risk a century earlier. 



THE STRENGTH OF MATERIALS IN AEROPLANE 
ENGINEERING 

By Professor C. F. JENKIN, C.B.E., M.A. 

PRESIDENT OF THE ENGINEERING SECTION 

THE importance of research in all branches of industry is 
now becoming fully recognized. It is hardly necessary 
to point out the great possibilities of the Board of Scientific and 
Industrial Research, formed just before the war, or to lay stress 
on the attention which has been called to the need for research 
by events during the war. Probably in no branch of the Serv- 
ices was more research work done than in the Air Service, and 
the advances made in all directions in connection with flying 
were astonishing. My own work was confined to problems con- 
nected with materials of construction, and as a result of that 
work I have come to the conclusion that the time has come when 
the fundamental data on which the engineering theories of the 
strength and suitability of materials are based require thorough 
overhauling and revision. I believe that the present is a favor- 
able time for this work, but I think that attention needs to be 
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drawn to it, lest research work is all diverted to the problems 
which attract more attention, owing to their being in the fore- 
front of the advancing engineering knowledge, and lest the 
necessary drudgery is shirked in favor of the more exciting new 
discoveries. 

It has been very remarkable how again and again in aero- 
plane engineering the problems to be solved have raised funda- 
mental questions in the strength and properties of materials 
which had never been adequately solved. Some of these ques- 
tions related to what may be termed theory, and some related 
to the physical properties of materials. I propose to-day to 
describe some of these problems, and to suggest the direction in 
which revision and extension of our fundamental theories and 
data are required and the lines on which research should be 
undertaken. Let us consider first one of the oldest materials 
of construction — timber. Timber was of prime importance in 
aircraft construction. The first peculiarity of this material 
which strikes us is that it is anisotropic. Its grain may be 
used to locate three principal axes — along the grain, radially 
across the grain, and tangentially across the grain. It is 
curious that there do not appear to be generally recognized 
terms for these three fundamental directions. A very few tests 
are sufficient to show that its strength is enormously greater 
along the grain than across it. How, then, is an engineer to 
calculate the strength of a wooden member? There is no 
theory, in a form available for the engineer, by which the 
strength of members made of an anisotropic material can be 
calculated. 

I fancy I may be told that such a theory is not required — 
that experience shows that the ordinary theory is quite near 
enough. How utterly misleading such a statement is I will try 
to show by a few examples. Suppose a wooden tie or strut is 
cut from the tree obliquely so that the grain does not lie parallel 
to its length. In practice it is never possible to ensure that the 
grain is accurately parallel to the length of the member, and 
often the deviation is considerable. How much is the member 
weakened? This comparatively simple problem has been of 
immense importance in aeroplane construction, and, thanks to 
the researches made during the war, can be answered. The 
solution has thrown a flood of light on many failures which 
before were obscure. If the tensile strengths of a piece of 
timber are, say, 18,000 Ib./sq. in. along the grain and 800 Ib./sq. 
in. across it (radially or tangentially) and the shear strength 
is 900 lb./sq. in. along the grain — these figures correspond 
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roughly with the strengths of silver spruce — then if a tensile 
stress be applied at any angle to the grain the components of 
that stress in the principal directions must not exceed the above 
strengths, or failure will occur. Thus we can draw curves limit- 
ing the stress at any angle to the grain, and similar curves may 
be drawn for compression stresses. These theoretical curves 
have been checked experimentally, and the results of the tests 
confirm them closely except in one particular. The strengths 
at small inclination to the grain fall even faster than the theo- 
retical curves would lead us to expect. The very rapid drop 
in strength for quite small deviations is most striking. 

Similar curves have been prepared for tensile and compres- 
sive stresses inclined in each of the three principal planes for 
spruce, ash, walnut, and mahogany, so that the strengths of 
these timbers to resist forces in any direction can now be esti- 
mated reasonably accurately. 

As a second example consider the strength of plywood. Ply- 
wood is the name given to wood built up of several thicknesses 
glued together with the grain in alternate thicknesses running 
along and across the plank. The result of this crossing of the 
grain is that the plywood has roughly equal strength along and 
across the plank. Plywood is generally built up of thin veneers, 
which are cut from the log by slicing them off as the log revolves 
in a lathe. 

Owing to the taper in the trunk of the tree and to other 
irregularities in form, the grain in the veneer rarely runs 
parallel to the surface, but generally runs through the sheet 
at a more or less oblique angle. As a consequence the strength 
of plywood is very variable, and tests show that it is not 
possible to rely on its having more than half the strength it 
would have if the grain in the veneers were not oblique. It is 
therefore obviously possible to improve the manufacture enor- 
mously by using veneers split off, following the grain, in place 
of the present sliced veneers. The superiority of split or riven 
wood over cut wood has been recognized for ages. I believe all 
ladders and ladder rungs are riven. Hurdles, hoops, and laths 
are other examples. Knees in ships are chosen so that the 
grain follows the required outline. 

Owing to the enormous difference in strength in timber 
along and across the grain, it is obviously important to get the 
grain in exactly the right direction to bear the loads it has to 
carry. The most perfect example I ever saw of building up a 
plywood structure to support all the loads on it was the frame 
of the German Schutte-Lanz airship, which was made entirely 
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of wood. At the complex junctions of the various girders and 
ties the wood, which was built up of very thin veneers — hardly 
thicker than plane shavings — layers were put on most ingeni- 
ously in the direction of every stress. 

During the war I have had to reject numerous types of 
built-up struts intended for aeroplanes, because the grain of 
the wood was in the wrong direction to bear the load. The 
example shown — a McGruer strut — is one of the most elegant 
designs, using the grain correctly. 

Many of the tests applied to timber are wrong in theory 
and consequently misleading. For example, the common 
method of determining Young's modulus for timber is to 
measure the elastic deflection of a beam loaded in the middle and 
to calculate the modulus by the ordinary theory, neglecting the 
deflection due to shear, which is legitimate in isotropic ma- 
terials; but in timber the shear modulus is very small — for 
example, in spruce it is only about one sixtieth of Young's 
modulus — and consequently the shear deflection becomes quite 
appreciable, and the results obtained on test pieces of the 
common proportions lead to errors in the calculated Young's 
modulus of about 10 per cent. 

The lantern plates show three standard tests; the first is 
supposed to give the shearing strength of the timber, but these 
test pieces fail by tension across the grain — not by shearing. 
Professor Robertson has shown that the true shear strength of 
spruce is about three times as great as the text-book figures, and 
has designed a test which gives fairly reliable results. The 
second figure represents a test intended to give the mean 
strength across the grain, but the concentration of stress at the 
grooves is so great that such test pieces fail under less than 
half the proper load. This fact was shown in a striking manner 
by narrowing a sample of this shape to half its width, when it 
actually bore a greater total load — i. e., more than double the 
stress borne by the original sample. The third figure repre- 
sents a test piece intended to measure the rather vague quality, 
" strength to resist splitting." The results actually depend on 
the tensile strength across the grain, on the elastic constants, 
and on the accidental position of the bottom of the groove rela- 
tively to the spring or autumn wood in the annular rings. Un- 
less the theory is understood, rational tests can not be devised. 

There are some valuable tropical timbers whose structure is 
far more complex than that of our ordinary northern woods. 
The grain in these timbers grows in alternating spirals — an 
arrangement which at first sight is almost incredible. The most 



STRENGTH OF MATERIALS 329 

striking example of this type of wood I have seen is the Indian 
" Poon." The sample on the table has been split in a series of 
tangential planes at varying distances from the center of the 
tree, and it will be seen that the grain at one depth is growing 
in a right-hand spiral round the trunk; a little farther out it 
grows straight up the trunk; further out again it grows in a 
left-hand spiral, and this is repeated again and again, with a 
pitch of about two inches. The timber is strong and probably 
well adapted for use in large pieces — it somewhat resembles 
plywood — but it is doubtful whether it is safe in small pieces. 
No theory is yet available for estimating its strength, and very 
elaborate tests would be needed to determine its reliability in 
all positions. I had to reject it for aeroplanes during the war 
for want of accurate knowledge of its properties. 

These examples show how necessary it is to have a theory 
for the strength of anisotropic materials before we can either 
understand the causes of their failure or make full use of their 
properties or even test them rationally. 

The second material we shall consider is steel, and in deal- 
ing with it I do not wish to enter into any of the dozen or so 
burning questions which are so familiar to all metallurgists and 
engineers, but to call your attention to a few more fundamental 
questions. Steel is not strictly isotropic — but we may consider 
it to be so to-day. The first obvious question the engineer has 
to answer is, " What is its strength? " The usual tests give the 
ultimate strength, yield point, elastic limit, the elongation, the 
reduction of area, and perhaps the Brinell and Izod figures. 
On which of these figures is the dimension of an engine part, 
which is being designed, to be based? If we choose the ultimate 
strength we must divide it by a large factor of safety — a factor 
of ignorance. If we choose the yield point we must remember 
that none of the higher-grade steels have any yield point, and 
the nominal yield point depends on the fancy of the tester. 
This entirely imaginary point can not be used for accurate cal- 
culation except in a very few special cases. Can we base our 
calculation on the elongation — the reduction of area — the Izod 
test? If we face the question honestly we realize that there is 
no known connection between the test results and the stress we 
can safely call on the steel to bear. The only connecting link is 
that cloak for our ignorance — the factor of safety. 

I feel confident that the only reliable property on which to 
base the strength of any engine part is the suitable fatigue limit. 
We have not yet reached the position of being able to specify 
this figure, but a considerable number of tests show that in 
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a wide range of steels (though there are some unexplained ex- 
ceptions) the fatigue limit for equal ± stresses is a little under 
half the ultimate strength, and is independent of the elastic 
limit and nominal yield point, so that the ultimate strength may 
be replaced as the most reliable guide to true strength, with a 
factor — no longer of ignorance, but to give the fatigue limit — 
of a little over 2. 

If the fatigue limit is accepted as the only sound basis for 
strength calculation for engine parts, and it is difficult to find 
any valid objection to it, then it is obvious that there is urgent 
need for extensive researches in fatigue, for the available data 
are most meager. The work is laborious, for there is not one 
fatigue limit, but a continuous series, as the signs and magni- 
tudes of the stresses change. Many problems in connection 
with fatigue are of great importance and need much fuller in- 
vestigation than they have so far received — e. g., the effect of 
speed of testing ; the effect of rest and heat treatment in restor- 
ing fatigued material; the effect of previous testing at higher 
or lower stresses on the apparent fatigue limit of a test piece. 
Some observers have found indications that the material may 
possibly be strengthened by subjecting it to an alternating stress 
below its fatigue limit, so that the results of fatigue tests may 
depend on whether the limit is approached by increasing the 
stress or by decreasing it. 

Improved methods of testing are also needed — particularly 
methods which will give the results quickly. Stromeyer's 
method of measuring the first rise of temperature, which indi- 
cates that the fatigue limit is passed, as the alternating load is 
gradually increased, is most promising ; it certainly will not give 
the true fatigue limit in all cases, for it has been shown by 
Bairstow that with some ranges of stress a finite extension 
occurs at the beginning of a test and then ceases, under stresses 
lower than the fatigue limit. But the fatigue limit in that 
case would not be a safe guide, for finite changes of shape are 
not permissible in most machines, so that in that case also 
Stromeyer's test may be exactly what is wanted. It can prob- 
ably be simplified in detail and made practicable for commercial 
use. Better methods of testing in torsion are also urgently 
needed, none of those at present used being free from serious 
defects. Finally, there is a fascinating field for physical re- 
search in investigating the internal mechanism of fatigue 
failure. 



